The large-scale opening motion of mammalian DNA polymerase b is followed at atomic resolution by dynamic simulations that link crystal`c losed'' and``open'' conformations. The closing/opening conformational change is thought to be key to the ability of polymerases to choose a correct nucleotide (through``induced ®t'') and hence maintain DNA repair synthesis ®delity. Corroborating available structural and kinetic measurements, our studies bridge static microscopic crystal structures with macroscopic kinetic data by delineating a speci®c sequence, Phe272 rinḡ ip, large thumb movement, Arg258 rotation with release of catalytic Mg 2 , together with estimated time-scales, that suggest the Arg258 rearrangement as a limiting factor of large subdomain motions. If similarly slow in the closing motion, this conformational change might be restricted further when an incorrect nucleotide binds and thus play a role in pol b's selectivity for the correct nucleotide. These results suggest new lines of experimentation in the study of polymerase mechanisms (e.g. enzyme mutants), which should provide further insights into mechanisms of error discrimination and DNA synthesis ®delity.
Introduction
Cells have evolved sophisticated machinery to replicate and repair DNA accurately and ef®-ciently. DNA polymerases are crucial components of these macromolecular networks. Crystal structures of several polymerases reveal common architectural features. [1] [2] [3] [4] [5] [6] [7] Shaped like a hand, 8 with ®ngers, palm, and thumb subdomains (Figure 1 ), the polymerases' palm catalyzes phosphoryl transfer. The thumb and ®ngers subdomains of thè`r ight-handed'' DNA polymerases play a role in positioning the duplex DNA and the nascent basepair (i.e. incoming nucleotide triphosphate and its templating base) into the polymerase active site, respectively. 9 In contrast, these roles are played by the ®ngers and thumb, correspondingly, of thè`l eft-handed'' X family DNA polymerases that include polymerase b (pol b). 10 The distinct subdomain nomenclature for the left-handed X family polymerases highlights the non-homologous nature of the catalytic palm subdomain of pol b relative to the palm subdomain of the other polymerase families (A, B, Y, and reverse transcriptase; see Beard & Wilson 10 for a discussion). Although the catalytic palm subdomain of members of the X family of DNA polymerases is structurally different from other families, all DNA polymerases appear to position reactive groups (i.e. metals, dNTP, and primer terminus) in a similar threedimensional arrangement consistent with a``twometal-ion'' mechanism for nucleotidyl transfer. 11 During DNA replication and repair synthesis, polymerases must select the correct deoxynucleoside triphosphate (dNTP) from a pool of structurally similar molecules so as to preserve Watson-Crick hydrogen bonding rules. Kinetic analyses for several polymerases (Escherichia coli DNA polymerase I Klenow fragment, 12 ,13 phage T7 DNA polymerase, 14 HIV-1 reverse transcriptase, 15 phage T4 DNA polymerase, 16 and DNA polymerase b 17, 18 ) have resulted in the widely accepted scheme outlined in Figure 1 for the insertion of a nucleotide. Following DNA binding, a DNA polymerase binds dNTP to form a ternary substrate complex (step 1). This complex undergoes a conformational change to align the catalytic groups and form a productive complex (step 2). Chemistry occurs rapidly to form the product complex (step 3). This complex undergoes a second conformational change (step 4) prior to the release of the pyrophosphate moiety (PP i ).
The conformational rearrangements involved in steps 2 and 4 are believed to represent key mechanisms used by polymerases to enhance ®delity. Considerable experimental evidence suggests that binding of the correct nucleotide facilitates the ®rst conformational change (closing, step 2), whereas binding of the incorrect nucleotide does not. [19] [20] [21] [22] For a proofreading exonuclease-containing DNA polymerase, such as Klenow fragment, the second conformational change (opening, step 4) may slow the kinetic cycle to allow the polymerase to remove an incorrectly inserted nucleotide. This``induced®t'' mechanism is consistent with a large body of experimental data (static crystal structures and kinetic studies). Namely, X-ray crystal structures of various DNA polymerases indicate that the polymerase active site is``open'' when bound to primer/template DNA, [2] [3] [4] [5] but``closes'' around the nascent base-pair when the correct nucleotide binds. [1] [2] [3] 6, 7 Thus, the enzyme/DNA complex likely alternates between open and closed states such that the binding and release of the substrates and products, as well as the linear diffusion or sliding of the DNA, occur in the open state, while the chemical reaction occurs in the closed state.
Details of the precise events involved in the large-scale opening/closing motion, and how they may regulate synthesis ®delity, are unknown. In particular, kinetic data (see Table 1 ) reveal slow conformational steps before and after chemistry (steps 2 and 4 of the catalytic cycle), 23 but the identity of these conformational changes is obscure. Given recent suggestions, based on enzyme kinetic measurements, that the opening/closing motions themselves are relatively fast, 18 arises regarding the identity of the molecular rearrangements that occur to align active-site residues so as to perform chemistry. Here, we investigate conformational changes in the polymerase opening, but do not consider the chemical step, dissociation, or translocation. To gain insights into this key conformational arrangement and its biological rami®cations, we explore this process by dynamic simulations of pol b, the smallest mammalian polymerase (335 amino acid residues). 24, 25 Its 31 kDa C-terminal domain performs phosphoryl transfer common to polymerases, 26 while the 8 kDa N-terminal domain of pol b has lyase activity, that is, it catalyzes the release of the resultant 5 H -deoxyribose phosphate after an endonuclease cleaves an apurinic/apyrimidinic site during base excision repair. 27, 28 Though computational approaches are vulnerable to many basic approximations in force ®elds and technique limitations, 29 state-of-the-art simulations that are well anchored to experimental structures and other measurements can help consolidate observations Figure 1(D) ; the DNA sequences in the closed ternary and open binary product crystal complexes are shown. Note that the template residues C6 and A7 in the pol b Ánick structure are different from G6 and G7 in the pol b Ágap ÁddCTP structure, as are their complementary residues in the primer strand.
The three crystal structures provide static information relating to different catalytic states of pol b. They indicate that pol b's thumb (residues 262-335) repositions itself after binding the correct dNTP (by rotating about the a-helix M axis) to position ahelix N so that several side-chains can interact with the nascent base-pair in the closed conformation. As mentioned, though the structural changes that occur in conjunction with the kinetic conformational changes are unknown, recent evidence suggests that the large subdomain motions, inferred from comparison of structures of binary polymerase/DNA complexes with those bound with an incoming dNTP, are relatively rapid. 18 Our reported simulations suggest collectively that rather than the closing/opening motion per se, a slow step for alignment of the catalytic residues is the rotational rearrangement of Arg258 coupled to Mg 2 release/binding. If similarly slow in the closing motion, this conformational change might be further restricted when an incorrect nucleotide binds and thus play a role in pol b's selectivity for the correct nucleotide.
Results

Models setup
Two models of solvated pol b/DNA complexes were prepared for dynamic simulations based on the 1BPY (closed ternary) and 1BPZ (open binary product) crystal structures, 2 as detailed in Computational Methodology. The ®rst model of a closed complex (post-chemistry) was constructed by reacting the a-phosphate group of the ddCTP with the 3 H -hydroxyl group of the DNA primer strand in the crystal closed ternary complex, leaving PP i and two speci®c magnesium ions in place. We call this model the modi®ed closed form. The second model (post-chemistry) was an intermediate between the open and closed states. It was constructed as an average of the coordinates of the modi®ed closed ternary complex (the ®rst model) and the open binary product crystal structure, to represent a complex with the thumb in a partially open state. We call this model half-open. The preparation of both models involved adding hydrogen atoms and missing residues in the crystals. Our constructed half-open structure (ensured to be free of steric clashes by small modeling adjustments using INSIGHT II version 2000, followed by minimization and equilibration) resembles well (Figure 2 Our solvated models were prepared in face-centered cubes with water using the programs Simulaid 30 and PBCAID. 31 Counterions (Na and Cl À ) were used to neutralize the biomolecular systems (using the Delphi package 32, 33 ) at an ionic strength of 150 mM. This produces a closed solvated model of 43,751 atoms, and a half-open solvated model of 41,973 atoms. Cartesian-coordinate energy minimizations, equilibrations, and dynamics simulations were performed using the program CHARMM 34, 35 with the all-atom force ®eld, version 27. Production dynamics of 6 ns duration for the modi®ed closed model and 4.8 ns for the half-open model were performed at room temperature 300 K using our ef®cient stochastic LN approach. 36 ± 38 In addition, several dynamics runs for the modi®ed closed model at high temperature Kinetics of slow conformational changes prior to and following the chemical bond-forming step (reaction of the dNTP with the 3 Hend of the primer strand). The column k pol refers to the rate constant describing nucleotide insertion. This step is believed to be limited by a conformational change (step 2 in Figure 1 ). (R g ) for all C a atoms; (f) and (g) RMS C a atom deviation of instantaneous simulation structure with respect to the crystal closed ternary and open binary product complexes, superimposed according to all C a atoms except for those of residues 1-9, whose coordinates are missing from the crystal ternary complex. 
Subdomain motions
The simulation from the modi®ed closed structure at room temperature failed to capture the pol b opening over several nanoseconds. However, opening was captured in our two 4.8 ns simulations started from the half-open structure. Analysis of a representative simulation for the halfopen structure at room temperature ( Figure 2 ) reveals this opening, as re¯ected by the evolution of the center-to-center distance ( Since our half-open structure was designed to accelerate the opening process, our room-temperature simulation from this structure probably does not follow a natural reaction pathway. However, given the partial opening captured in a nanosecond time-frame, it is plausible that the full-scale opening, though certainly slower, is not slower by many orders of magnitude. Taken together with the much longer time-scales estimated for the conformational change of the ternary product complex (step 4 in the catalytic cycle, see Table 1 ), the simulations suggested to us that other speci®c rearrangements must be involved.
Arg258 rotation is slow
Sawaya et al.
2 deduced the following characteristic conformational changes accompanying the thumb movement from the closed to the open state from crystal structures (Figure 2(b) ). In the closed state, Arg258 hydrogen bonds with residues Glu295 and Tyr296, and the phenyl ring of Phe272 disrupts the salt-bridge between Asp192 and Arg258, freeing Asp192 to ligand the catalytic and nucleotide-binding Mg 2 . In the open state, the phenyl ring of Phe272 has moved away from Asp192, and Arg258 has rotated toward Asp192, poised to engage in a salt-bridge. Note that, in the open binary product crystal structure, 2 the Arg258 rotation readies it to form a salt-bridge with Asp192, but that Asp192 has not moved to complete this interaction; the actual salt-bridge is observed, however, in the crystal open binary gapped complex.
Our simulations at room temperature from the half-open structure capture the Phe272 ring movement away from Asp192, allowing Arg258 to rotate so as to form the salt-bridge with Asp192. We did not capture the Arg258 rotation toward Asp192, as observed in the open crystal structure (Arg258 remains hydrogen bonded to Tyr296). This rotation, along with the breakage of the Arg258/Tyr296 hydrogen bond, likely requires additional energy. Indeed, high-temperature molecular dynamics simulations capture the Arg258 rotation fully, as do the targeted molecular dynamics simulations (described below).
The¯ipping process of the Phe272 phenyl ring can be described by two dihedral angles ( Figure 3 (a)):
, measuring the rotation of the entire phenyl ring, and
, measuring the inclination of the ring plane. Figure 3 (a) shows that each dihedral angle occupies characteristic ranges as a function of time for the room-temperature simulation. Larger¯uc-tuations for w 2 at the end suggest greater¯exibility of the ring's inclination than its overall rotation. The second transition in Figure 3 (a) corresponds to the motion of the Phe272 ring away from Asp192, which occurs at $1.5 ns, that is, before the thumb subdomain opens. Together with the high-temperature simulations (see more below), we propose the following sequence of events for pol b's motion: (1)¯ip of Phe272's phenyl ring, vacating room for Arg258 rotation; (2) opening of pol b through a large thumb movement; and (3) Arg258 rotation toward Asp192. This sequence suggests that the rearrangement of certain key residues might be much slower than pol b's thumb subdomain opening.
Exploratory simulations at temperatures of 1500, 1800, 2000, and 2200 K were started from the modi®ed closed structure. All coordinates for the C a atoms in the ®ngers and palm subdomains were ®xed, as suggested by the stable positions of these atoms in open and closed crystal forms. 2 Though the polymerase secondary structure is not maintained at high temperature, the local movements of Phe272 and Arg258 are reasonable. The conformations of six key residues, involved in thē ip of the Phe272 phenyl ring and the rotation of Arg258, as well as the time-scales for both motions and certain distances, are displayed in Figure 3 (c) at differing temperatures.
The suggested sequence of events in pol b opening is in accord with estimated activation barriers E a1 and E a2 , and rates associated with the Phe272 ring¯ip and Arg258 rotation, respectively. From an Arrhenius plot of lnk H versus 1/T, where k H is the rate constant and T is absolute temperature, we estimate the k H as the reciprocal of time required for these two motions. A least-squares ®t of the natural logarithms of these constants k H plotted against 1/T (Figure 3(B) ) shows a fairly linear dependence in this broad temperature range, with activation barriers of $12.0 kcal/mol (1 cal 4.284 J) for Phe272¯ip and $13.5 kcal/ mol for Arg258 rotation. This linearity reveals approximate temperature-independence for the activation barriers over the temperature range examined.
The former estimate is close to that determined experimentally for a phenylalanine ring¯ip in basic pancreatic trypsin inhibitor. 39 The latter is comparable to the experimental Gibbs free energy barrier of 12-16 kcal/mol for the conformational step following chemistry in DNA polymerase I (Klenow fragment) 13, 40 and T7 DNA polymerase. 14 The corresponding extrapolated times for the Phe272¯ip and Arg258 rotation at room temperature (300 K) are approximately 4 Â 10 À4 second and 2 Â 10 À2 second, respectively. Thus, completing the conformational change from the closed to the fully open complex, including Arg258 rotation toward Asp192, would require roughly 10 ms. We note that the rate constant of thumb movement itself cannot be estimated from the Arrhenius plot, since the thumb's secondary structure is not maintained at high temperature.
In addition, several 100 ps TMD simulations (see Computational Methodology) 41 ± 46 for the modi®ed closed structure from the closed to open state provide further support to our main conclusion that Arg258 rotation is slow. The TMD simulations, in which the full Arg258 rotation occurs only when a large force is applied and only following pol b opening, also suggest a high energy barrier. The constrained potential energy versus time in one of the TMD simulations is plotted in Figure 4 , with a series of snapshots illustrating a possible pathway for Arg258 rotation and Phe272¯ip. Note that the high peak for the potential energy appears at the last segment of the simulation, accompanying Arg258 rotation. Although the TMD simulations do not provide a natural pathway for pol b opening, they support our suggestion that a high energy barrier is involved for Arg258 full rotation.
Thus 
, where K is a force constant (in kcal mol À1 A Ê À2 ), D RMS represents the relative RMS distance for a selected set of atoms between the instantaneous conformation X(t) and the reference X The time estimate for Arg258 rotation can now be related to experimental kinetic data regarding slow conformational steps (Table 1) , before and after the chemical step, for several polymerases, to place the slow conformational rearrangement in the larger reaction context. Recall that the ®rst slow conformational change before chemistry produces a tight, closed complex upon binding the correct dNTP; the fast chemical step that follows produces a tightly bound, closed enzyme/product complex, which undergoes a second conformational change that converts the closed complex into the open loose form. 13, 14, 40, 47 For pol b, slow conformational changes occurring both before and after chemistry have been identi®ed by¯uorescence and kinetic analyses. [18] [19] [20] [21] 48, 49 These conformational changes are of comparable magnitudes (Table 1) .
Catalytic Mg 2 departure may be slow during the pol b b b opening process
In the closed crystal structure complex, two magnesium ions lie in the active site. The ®rst, the nucleotide-binding ion, is coordinated with the a, b, and g-phosphate groups of ddCTP (Figure 1 ), two conserved aspartate residues Asp190 and Asp192, and one water molecule. The second Mg 2 is a catalytic ion coordinated with the a-phosphate group of ddCTP, the 3 H -OH group of the primer, Asp190, Asp192, Asp256, and one water molecule. These two magnesium ions play an essential role in assisting the addition of a correct dNTP to the 3 H terminus of the DNA primer strand and stabilizing the positioning of the incoming dNTP, and are key to the polymerase's ®delity. [1] [2] [3] 6, 11, 23, [50] [51] [52] In the open binary product crystal complex, in contrast, there are no crystallized Mg 2 nor PP i in the active site. 2 Hence, in this initial study of the polymerase opening motion, we do not include the two magnesium ions or the product PP i in our half-open structure. Sodium counterions are included in our solvated model; their role is to achieve physiological salt concentration rather than to model the functional role of the Mg 2 . In the simulation, we observe one Na counterion coordinated with the three active-site aspartate residues Asp190, Asp192, and Asp256 (see Figure 5 ). These residues are normally bound to the catalytic Mg 2 in the closed complex. During the ®rst two-thirds of the trajectory, this sodium ion coordinates with Asp190, the incoming nucleotide, and a number of dynamic water molecules. During the last third, it moves to coordinate with Asp192 and Asp256, as well as two stable water molecules. Since our Na position coincides with that occupied by the catalytic Mg 2 in the closed ternary crystal structure, 2 it may be acting as a surrogate electrostatically, but not catalytically Pol Kinetics cally during the pol b opening, due to the a-helix N motion away from the new base-pair (see Figure 6 ). The tight packing in the closed structure excludes water molecules near the new base-pair and thereby permits the polymerase to assemble active-site components so they are poised for the chemical reaction. (Figures 7 and 8 
Our simulations indicate that Tyr271, which may affect polymerase closing by hydrogen bonding with the 3 H -end primer base, 20,53 participates in 
DNA in the active site exhibits some Alike characteristics
Lu et al. 54 have noted partial A-like character in the DNA steps adjacent to the site of nucleotide incorporation for pol b/DNA complexes in their analysis of these crystal structures. Our analysis of key geometric features of the DNA demonstrates such partial A-DNA-like features near the active site (see Figure 9) . 54, 55 A-like characteristics in the active site, as well as B-DNA structural features in the duplex regions away from the active site, are both present in the starting half-open model and are preserved during the simulation. This A-like tendency 1,3,4,7,56 ± 58 has been considered biologically signi®cant, since a widened minor groove permits the primer/template DNA to contact better the active-site residues such as Lys234, Tyr271, and Arg283, thereby assisting in positioning the 3 H -terminus of the primer for the nucleotidyl transfer reaction, as noted previously.
1,52,57,58
Discussion
Our dynamic studies bridge kinetic and structural approaches for studying pol b mechanisms by suggesting the sequence and time-frames of structural transitions associated with the rate of correct nucleotide insertion. 47 These data corroborate and further elaborate upon experimental measurements (Table 1 ) and structural data. Our simulations suggest that the thumb movement per se is rapid and may not account for the slower conformational changes that govern the kinetics of correct nucleotide insertion. On the other hand, slower, subtle structural transitions involving a network of active-site groups (e.g., Arg258 and others, see below) might occur subsequent to such subdomain movements. Though we have not modeled the magnesium ions in our simulations from the half- Pol Kinetics open form (since they are absent from the open binary product crystal structure), our sodium ions serve as surrogates electrostatically. The simulations suggest that the catalytic ion in the active site ( Figure 5 ) is important, since, by coordinating Asp192, it prevents formation of the Asp192/ Arg258 salt-bridge and possibly hinders the Arg258 rotation in pol b opening. This scenario suggests that the release of the catalytic Mg 2 and the Arg258 rotation may occur in concert, following pol b's opening. Kinetic data 48 have indicated that the conformational transitions that occur before and after chemical reaction, as monitored bȳ uorescence changes of the template base analogue 2-aminopurine, have very similar half-lives. Thus, the conformational change identi®ed here may be a limiting factor both before and after the chemical step. Similarly, we hypothesize that the binding of the catalytic Mg 2 and the rearrangement of Arg258 may be coupled and represent a slow step in pol b's closing before chemistry. Our suggestion for the slow, local structural motion of Arg258 in the active site ties well with the Vande Berge et al. experiments, 18 which recently demonstrated that template-directed ground-state dNTP binding is altered by mutagenesis of the thumb subdomain. Since this groundstate binding occurs prior to the rate-limiting conformational change, and dNTP interactions with the thumb subdomain occur in the closed conformation of pol b, these results indicate that closing of the thumb is rapid (i.e. not rate-limiting). The open and closed conformations were noted to be dramatically different in these two structures, speci®cally in residues Asp192, Arg258, Phe272, and Glu295. Additionally, Arg283 of helix N in the thumb subdomain was seen to approach Glu295 when it closed. The importance of these residues was demonstrated also by amino acid substitutions for Asp192, 59 Phe272, 60 Arg283, 53 Glu295, 61 or Tyr265, 22 which resulted in a signi®cant decrease in catalytic ef®ciency and/or ®delity. Thus, these side-chain rotations are required for catalytic metal-binding/dissociation; the loss of this network can result in a mutator polymerase.
53,62 Our 85 The sugar pseudorotation parameter is de®ned elsewhere 86 and the rise, x-displacement, roll, and twist are the nucleic acid structure parameters as de®ned. 87 work points to one of these residues, Arg258, as a potential major player in the reaction.
That domain movement may be faster than sidechain motion has been suggested by work reported by Li et al. 63, 64 In studies of ddNTP-trapped ternary complexes of the large fragment of DNA polymerase I from Thermus aquaticus (klentaq1), 63, 64 it was found that an arginine residue at position 660 (outside the nucleotide-binding site) selectively affects ddGTP incorporation, but not dGTP incorporation. Note that the polymerase can be locked in the closed conformation by the ddGTP. This suggests that the side-chain motion of Arg660 to interact with the G base is slower than domain movement, a deduction that agrees well with our observation that the Arg258 motion is slower than the thumb subdomain movement in the pol b/DNA complex.
Available crystallographic evidence for DNA polymerases does not contradict our hypotheses above. For example, Pelletier et al. 65 23 of pol b-DNA-Cr(III) ÁdTMPPCP (before chemistry) and pol b-DNA-Cr(III)ÁPCP (after chemistry) have suggested that the binding of the catalytic ion follows the pol b closing before chemistry, and the release of the catalytic Mg 2 is prior to the pol b opening after chemistry. However, the absence of electron density for the catalytic Mn 2 in that work 23 may simply be due to the``excess'' charge on Cr 3 . Stopped-¯ow measurements examining changes in 2-aminopurine¯uorescence have observed rapid conformational transitions, 22, 66 but apparently this spectroscopic probe does not respond to slower conformational changes such as catalytic metal ion binding. Further approaches to isolate and measure the dynamics of the catalytic metal ion are needed.
While we cannot establish that Arg258 rearrangement is a slow, limiting factor by computer simulations alone, speci®c experiments can be designed to test our suggested order of events. Since Arg258 is involved in a network of interactions with Asp192, which itself coordinates both catalytic and nucleotide-binding ions, mutating Arg258 and examining the effects on this network can help analyze the importance of these residues, the role of the ions, and how conformational change in¯uences nucleotide selection. Indeed, alanine and lysine mutants of Arg258 are being examined kinetically and computationally for effects on metal binding and ®delity. A previous study demonstrated that alanine substitution for Arg258 did not have a dramatic affect on activity, 67 but ®delity measurements are lacking. Additional approaches, such as pulsed electron paramagnetic resonance (EPR) and time-resolved¯uorescence techniques, should provide insights into the dynamics of active-site metals, the nascent basepair, subdomains, and speci®c protein side-chains for incorporation of correct/incorrect nucleotides. Together, such kinetic, structural, and simulation results should provide further insights into the mechanisms involved in error discrimination. In particular, studies are needed to suggest how recently discovered DNA polymerases, such as DNA polymerase Z or i, replicate lesion-containing and undamaged DNA templates with low ®de-lity.
68-71
Computational Methodology
Systems preparation PDB/RCSB 72 coordinates of human DNA polymerase b entries 1BPY (closed, ternary complex) and 1BPZ (open, binary product complex) were used to construct initial solvated models. All hydrogen atoms were added to the crystallographic heavy-atoms by the CHARMM subroutine HBUILD. 73 The conformation of the closed complex, in which reaction of primer DNA with the incoming nucleotide has not yet taken place, was modi®ed by connecting the ddCTP to the 3 H -end of the DNA primer strand and breaking the bond between P a and the oxygen atom that bonds with both P a and P b , leaving the pyrophosphate moiety in place. A hydroxyl group was added to the 3 H terminus of the primer in the modi®ed dC residue. Residues 1-9 of the polymerase and a speci®c water molecule coordinated to the catalytic Mg 2 were added, as they were missing from the ternary crystal structure. Residues 1-4 in the open binary product structure were added.
A half-open model was then constructed as an average of the crystallographic coordinates of the modi®ed closed and open complexes, and the PP i unit and the magnesium ions are absent from this half-open model. For consistency, the template residues G6 and G7 in the closed structure were replaced by the C6 and A7 residues, respectively, present in the open binary product structure, as were their complementary residues in the primer strand. Face-centered cubes for the periodic domain of both initial models were constructed using the program Simulaid 30 and PBCAID. 31 The smallest image distance is 16 A Ê for the half-open structure and 20 A Ê for the closed structure. Solvent molecules that were closer than 1.8 A Ê to the nearest protein, DNA, crystallographic water atoms or ions were removed. To neutralize the system at an ionic strength of 150 mM, water molecules with minimal electrostatic potential at the oxygen atoms were replaced by Na and those with maximal electrostatic potential at the oxygen atoms were replaced by Cl À . All Na and Cl À were placed more than 8 A Ê away from any protein or DNA atoms and from each other. The electrostatic potential of all bulk water oxygen atoms were calculated with the DelPhi package. 32 Figure 10) .
Minimization, equilibration and dynamics protocol
Cartesian coordinate energy minimizations and dynamics simulations were performed using the program CHARMM 34, 35 and the all-atom version 27 force®eld (Chemistry Department, Harvard University, Cambridge, MA). The partial charges for the pyrophosphate were evaluated on the basis of the partial charges of two reference structures already parameterized in CHARMM; namely, the inorganic phosphate and the anionic methylphosphate. Relevant atomic partial charges were averaged and normalized 74 so that the total partial charge equals À3. (The pyrophosphate structure and the atomic partial charges, as well as the atom labels in CHARMM, are shown in Figure S1 of the Supplementary Material).
Each solvated system was equilibrated by energy minimization with ®xed positions of all protein and DNA heavy-atoms using the method of steepest descent (SD) for 10,000 steps; this was followed by 20,000 steps minimization by the adapted basis Newton-Raphson (ABNR) 34, 75 scheme with same constraints. To ensure that all counterions were located at the minima or maxima of electrostatic potential around the protein/DNA complex, 30 ps of equilibration was run at 1000 K by the stochastic LN approach [36] [37] [38] 76 with all heavy-atoms of protein and DNA ®xed, thus allowing the counterions to relax and move freely. The entire system was again minimized by SD for 10,000 steps followed by ABNR for 20,000 steps while still ®xing all heavy-atoms of protein and DNA. Another 45 ps of equilibration at 300 K was followed by further minimization using SD and ABNR until the gradient of root-mean-square deviation was less than 10 À6 kcal/mol A Ê . Finally, the protein, DNA, counterions and water coordinates were re-equilibrated for 45 ps at 300 K by LN.
The current LN protocol was applied to both the halfopen and the closed structures using three timesteps Át, Át m , and Át. The inner timestep of 1 fs is used for updating all local bonded interactions. The medium timestep of 2 fs is for updating the non-bonded interactions within a spherical distance of 7 A Ê associated with healing and buffer lengths of 4 A Ê each. The outer timestep of 150 fs is employed to update the remaining non-bonded interactions up to the global non-bond interaction cutoff (14 A Ê here) using a heuristic procedure if any atom moves more than 1 A Ê . SHAKE was employed to constrain all bonds involving hydrogen atoms. The Langevin damping constant g was 10 ps
À1
. A dielectric constant of 1.0 was used. Electrostatic and van der Waals interactions were smoothed to zero at 12 A Ê with a shift function and a switch function, respectively.
LN integrator and performance
LN is an ef®cient method for propagating biomolecular dynamics according to the Langevin equation. [36] [37] [38] The alternative stochastic formalism can be used for numerical stability considerations as well as to represent random¯uctuations in the cellular environment. The addition of stochastic terms alters the Newtonian description, but is suitable for thermodynamic sampling, as used here, and to deduce con®gurational patterns. Though time-scales of speci®c events can change due to the stochastic coupling, with a relatively small damping constant, as used here, the perturbations to Newtonian dynamics are expected to be small, with motions similar and time-scales of the same order. 37 For example, we have con®rmed that barrier crossing events for butane are very similar at room temperature for Verlet and LN (data not shown). Detailed comparisons for pol b between LN and Velocity Verlet demonstrate this as well. The computational advantages are signi®cant (speedup factors of around 10 and around 8) 77, 78 with respect to inner timesteps of 0.5 fs (around 5 with respect to 1 fs) and important for the required sampling used in this work.
Since LN is being used here for a complex biomolecular system, we present here aspects of LN's stability and reliability in terms of thermodynamic, structural and dynamic properties compared to single-timestep Langevin as well as Newtonian (Velocity Verlet) propagators.
The three LN timesteps are related by integers k 1 and k 2 as follows:
Thus, the combined force at the reference point X r , À!E(X r ), is evaluated only once per outer timestep Át; other force terms are updated more frequently, as described above. The splitting of the non-bonded interactions into medium-range and long-range parts is accomplished using a smooth switching function. The LN algorithm has been presented in detail elsewhere. 37, 38, 77 We evaluate LN trajectories through comparison with the traditional small-timestep methods of Langevin (BBK) and Velocity Verlet (VV) in terms of thermodynamic, structural and dynamic properties as a function of time. For this purpose, we ®x Át to 1 fs, Át m to 2 fs, and vary the outer timestep Át to 6, 20, 40, 80, 100, 120, and 150 fs. All bonds involving hydrogen atoms employed SHAKE both in LN and the reference Langevin method.
Energy components calculated over 12 ps of simulation from the equilibrated state are compared with the corresponding energies calculated by the single-timestep Langevin method at Át 1 fs in Figure 10 (A), in terms of errors of the energy components and speedup factors relative to the reference Langevin method at Át 1 fs. With varied outer timesteps, bond-length, bond-angle, and torsion energies have the smallest relative errors, around 0.2 %. The largest relative error of 2.5 % occurs in the van der Waals energy for Át 50 fs, but the relative error of the total energy is still only around 1.2 %. For small outer timesteps, relative errors are less than 1 %. The higher energy errors for Át 20 fs protocol are likely due to resonance artifacts. 38, 77 The above results demonstrate the stability of the LN protocol at Át/Át m / Át 1/2/150 fs and a speedup factor of approximately 4.5 with respect to the reference Langevin at Át 1 fs.
The spectral analysis in Figure 10 (B) for the protein, DNA, and water atoms obtained from the three algorithms, LN as above, and BBK, at g 10 ps À1 and Velocity Verlet (g 0, Át 1 fs), further supports the reliability of this protocol for thermodynamic sampling. Spectral densities are sensitive measures of the algorithmic protocol. The data presented resulted from sampling every 2 fs from the above three 12 ps trajectories. The Water, DNA, and protein spectra calculated over 12 ps runs and sampled every 2 fs. LN spectra are compared to Langevin spectra as well as spectra from Velocity Verlet. (C) Time-evolution of DNA sugar pseudorotation phase angle P and backbone torsion angles of primer residue 11, and time-evolutions of f and c torsion angles of protein residues Asp192, Glu295, and Tyr296 over 12 ps, respectively. SHAKE was employed for all bonds involving hydrogen atoms in the simulation. spectral analysis procedure 77 involves computing the velocity autocorrelation time series for all atoms of interest and obtaining a power spectrum by fast Fourier transformation. These spectra are averaged over the water, DNA, and protein atoms separately for the global characterization of the motion.
The LN spectra for water molecules closely resemble the spectra obtained from BBK and VV. For the protein and DNA atoms, although the intensities of both LN and BBK spectra (g 10 ps À1 ) are weaker than VV spectra intensities (g 0), as expected from Langevin damping, most peak positions calculated from these three algorithms are in good agreement with each other, especially the LN and BBK spectra. Thus, as g decreases the spectra should become more similar. 37, 38 We also analyzed the conformational changes based on the time evolution of f and c torsion angles for three protein residues: Asp192, Glu295, and Tyr296, and the DNA backbone torsion angles (w, a, b, g, d) as well as the sugar pseudorotation phase angles, P, for the 3 H -primer terminus guanine residue as shown in Figure 10 (C). The time evolutions of these variances using the three algorithms over 12 ps are very similar. In most cases, the residues exhibit stable oscillations of widths of around 30 . Observed differences in the time evolutions obtained from the different approaches are reasonable and expected.
Finally, we ascertain the reliability of the simulation comparing the position¯uctuations of protein atoms during the production trajectory with values obtained from the experimental temperature factors using the relation hÁr
2 , where Ár i is the atomic displacement of atom i from its average geometric position and B i is the corresponding X-ray temperature B-factor. 2 ) The computed atomic¯uctuation patterns show fairly good agreement with the experimental data: the peaks and valleys coincide in general. The regions of higher uctuation peaks are loop and turn segments positioned between regions of stable secondary structures of ahelices and b-sheets. In particular, the three regions of residues 1-9, 243-249 and 299-305 exhibit relatively large mobility. The intrinsic¯exibility (or disorder) of residues 1-9 might explain their absence from the crystallographic structures. Residues 243± 249 de®ne the palm's loop1 as shown in Figure 2(A) . Residues 299-305 are part of a loop connecting a b-strand and an a-helix in the thumb. Furthermore, the peak heights for thumb residues 260-335 are larger than those for palm, ®ngers, and 8 kDa residues, which is consistent with the fact that the thumb subdomain has the largest movement in the simulation. Generally, the peak heights for all residues over the second half of the simulation are lower than those over the entire simulation and over the ®rst half. The experimental¯uctuations are larger except in three regions (discussed above), which are related to the enzyme's large motion. Differences are expected also given that the simulated protein is free in aqueous solution and the experimental protein is relatively restricted in a crystalline lattice.
TMD simulation
The TMD simulations are performed by introducing an additional constraint force in a normal MD simulation. 42, [44] [45] [46] Our TMD simulations are carried out using academic version c28a2 of the program CHARMM (Chemistry at Harvard Molecular Mechanics), 34 modi®ed to incorporate an energy restraint based on the RMS distance with respect to a reference target conformation. The functional form of the RMS restraint energy is as follows:
where K is a force constant (in kcal mol À1 A Ê À2 ), D RMS represents the relative RMS distance for a selected set of atoms between the instantaneous conformation X(t) and the reference X target , and d 0 is an offset constant (in A Ê ). In the targeted dynamics, the selected set of atoms are free to rearrange spontaneously without experiencing any spurious forces while the RMSD relative to the target conformation remains constant. With the decreasing of d 0 (RMSD offset) as a function of the simulation time, the conformational change is driven from the initial to the ®nal targeted conformation.
In our TMD simulations, the restrained trajectories are initiated from an equilibrated closed system and the target is the crystal open binary product structure. The conformational transition from closed to open state is driven by applying RMSD restraints with a total force constant of 2000 kcal mol À1 A Ê À2 to all heavy-atoms except those in residues 1-9, which are missing in the crystal closed structure. The offset parameter of d 0 is decreased from 3.6 A Ê by 0.18 A Ê every 5 ps of the simulation until it reaches zero deviation. The TMD simulations indicate that the pol b has approached the open state before Arg258 rotates.
Geometric characteristics
The radius of gyration and RMSD of C a atomic positions in the dynamic structures with respect to the crystal, closed ternary complex and open binary product complex were monitored as a function of time. The radius of gyration is de®ned as:
where r i (t) and r CG (t) are the coordinates of atom i and of the center of geometry of the polymerase, respectively, at time t. N C a is the total number of the C a atoms involved. The RMS deviation is de®ned as:
where r i CRY is the coordinate of atom i in the crystal structures, after a least-squares ®t superposition with dynamic structure at time t.
Arrhenius equation
The Arrhenius equation is used to estimate the activation barriers and time-frames for the Phe272 ring¯ip and Arg258 rotation at 300 K, based on four high-temperature molecular dynamics simulations. According to where E a is the activation energy, and A is the frequency factor or pre-exponential factor. A linear Arrhenius plot of ln k H versus 1/T is obtained when E a is temperatureindependent. Because different vibrational modes are activated differently as a function of the temperature, activation barriers in complex biomolecular processes are not temperature-independent. However, for the purpose of making rough estimates (i.e. an order of magnitude), and comparing them with experiment, we employ Arrhenius plots, and assess whether E a is relatively temperature-independent from the plot linearity.
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